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Osmotic regulation of the betaine metabolism in immortalized renal
cells. Betaine plays an important role in the osmoregulation of various
renal cells. In the kidney betaine synthesis seems to be highest in the
cortex, whereas osmotically regulated accumulation seems to play a crucial
role in the inner medulla. Therefore, the influence of betaine synthesis on
the long-term osmotic regulation of betaine content was investigated in
epithelial SV4O transfected cell culture, derived from the outer medullary
thick ascending limb of the loop of Henle (TALH) of rabbit kidney. Under
hyperosmotic conditions the betaine content of TALH was significantly
increased from 218 35 mol/g protein (300 mOsm/liter; control) to 334
27 mol/g (600 mOsm/liter; P < 0.0005). In addition the intracellular
accumulation of 14C-betaine from 4C-choline was significantly elevated
from 4.3 1.0 j.mol/g protein >( hr) to 8.2 1.0 j.mol/g protein )< hr; P <
0.001) under hyperosmotic conditions. Synthesis of betaine was also
influenced by the extracellular betaine content. In a betaine free medium
the synthesis of betaine was increased by 7% (300 mOsm/liter; NS) or 40%
(600 mOsm/liter; P < 0.0001) when compared to betaine containing
medium. The alteration of betaine synthesis is presumably caused by
osmotic regulation of the betaine aldehyde dehydrogenase. Activity of this
enzyme was significantly higher under hyperosmotic conditions compared
to isoosmotic control conditions (Vmax 4.1 0.8 U/g protein; 600
mOsm/liter) versus 1.4 0.1 U/g (300 mOsm/liter; P < 0.0001), while the
affinity to betaine aldehyde remained unaltered. These results demon-
strate that during long-term adaptation, betaine synthesis in TALH cells
of the outer medulla of rabbit kidney can be regulated by extracellular
osmolarity.
The trimethylamine betaine is an organic osmolyte, which plays
a significant role in the osmoregulatory mechanisms of various
renal cells. Betaine content is lowest in the cortex and highest in
the inner medulla [1, 2]. Betaine synthesis in the kidney, however,
is mainly found in the cortex and outer medulla [3]. Thus,
synthesis and osmotically regulated accumulation of betaine are
separated into different compartments of the kidney. The synthe-
sis of betaine consists of two steps.
In the presence of choline dehydrogenase (EC 1.1.99.1) betaine
aldehyde is synthesized from choline. Then betaine aldehyde
dehydrogenase (EC 1.2.1.8) catalyzes the formation of betaine
from betaine aldehyde. Choline dehydrogenase is located in
mitochondria [4—7], whereas the betaine aldehyde dehydrogenase
is distributed throughout the cytoplasm [8, 9].
Many investigations have been conducted on sorbitol and
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glycerophosphoryicholine metabolism demonstrating an osmoti-
cally regulated metabolism of these compounds. In contrast, only
few studies have been published on betaine metabolism. Betaine
synthesis has been demonstrated in various sections of the
nephron [3, 10, 11], but only few data on its regulation by
extracellular osmolarity are available to date. Regarding the
enzymes of betaine synthesis, only choline dehydrogenase was
investigated in the inner medulla, but osmotic regulation could
not be demonstrated [7]. Betaine aldehyde dehydrogenase, on the
other hand, has not yet been investigated in the kidney. From
studies done on plants, however, induction of this enzyme by
increased extracellular sodium chloride concentrations has been
reported [12]. This indicates that betaine aldehyde dehydrogenase
and, hence, betaine metabolism can be regulated by extracellular
osmolarity.
In TALH cells of the outer medulla of the rabbit kidney
synthesis of betaine and a relatively high intracellular betaine
content have been described [13]. Therefore the influence of
extracellular osmolarity on both betaine synthesis and its intracel-
lular content was investigated. The results demonstrate that
intracellular betaine content of immortalized TALH cells is
considerably modified by osmotic regulation of the de novo
synthesis of betaine during long-term adaptation.
These results have been published in part in abstract form [14].
Methods
Cultivation of TALH cells
The TALH cells used in the experiments are highly differenti-
ated, SV4O transfected cells of the thick ascending limb of the
loop of Henle of the rabbit kidney [15]. These TALH cells were
cultivated in 300 mOsm/liter Dulbecco's modified Eagle's medium
(pyruvate 110 mg/liter, D-glucose 1000 mg/liter, choline 4 mg/
liter) supplemented with nonessential amino acids, D-glutamine
and fetal calf serum (10%) [15].
For the investigations on osmoregulation the cells were subcul-
tivated to various osmolarities ranging from 300 mOsm/liter
(isoosmotic control) to 600 mOsm/liter (hyperosmotic). The os-
molarity was adjusted by the addition of NaC1 to the medium, and
the cells were subcultivated through more than 10 passages in the
increased extracellular osmolarity prior to the start of the inves-
tigations. Cells underwent 40 to 80 passages in total.
Determination of the intracellular betaine content
TALH cells cultivated in 600 mOsm/liter (hyperosmotic) or 300
mOsm/liter (control) media of various composition were used for
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intracellular betaine determination. To investigate the influence
of intracellular synthesis and extracellular betaine on the intracel-
lular betaine content, betaine and choline free medium were used.
For this purpose the fetal calf serum was dialyzed until no betaine
was detectable in thin layer chromatography [161 and HPLC.
Dialyzed fetal calf serum was then added to Dulbecco's modified
Eagle's medium to give a 10% (vol/vol) solution.
Following a preincubation in betaine and choline free media for
14 days, the intracellular betaine content of TALH cells was
measured. Part of the cells were supplemented with 20 mol/liter
choline chloride (Sigma, Deisenhofen, Germany) after this pre-
incubation. Cells incubated in medium with dialyzed fetal calf
serum supplemented with 40 j.tmol/liter betaine (Fluka, Neu-Ulm,
Germany) and 20 mol/liter choline were used as control. The
intracellular betaine content of this control was not significantly
different in TALH cells incubated in dialyzed fetal calf serum
supplemented with choline and betaine, and in TALH cells
incubated in medium containing undialyzed fetal calf serum.
To determine the betaine content, cells were scraped from the
bottom of the culture bottle and resuspended in 3% perchloric
acid. The cell suspension was then homogenized by an Ultra
Turax T25 (Janke u. Kunkel, Staufen, Germany) for one minute
at 13,000 rpm at 4°C in order to release all the intracellular
betaine. The samples were centrifuged for five minutes at 13,000
x g at 4°C. The cell pellet was used for protein determination, the
supernatant was then neutralized with 5 M KOH and the pH
adjusted to 6.0 to 6.8. After centrifugation (13,000 X g, 4°C, 5
mm) the supernatant was passed through a Sep-Pak C18-cartridge
(Waters, Eschborn, Germany). The first 300 d were discarded,
and the rest was lyophilized and stored at —70°C for up to four
weeks. Then the samples were rehydrated in 300 JLl water and
centrifuged at 13,000 x g at 4°C for five minutes. Fifty microliter
samples were used for the betaine determination using HPLC.
Determination of 14C-choline metabolism via the betaine pathway
To determine betaine metabolism TALH cells preincubated at
various conditions as described above were exposed to buffer
containing 20 M radioactive choline [1 j.Ci 14C-choline/ml
(Amersham, Braunschweig, Germany) in modified Hepes Ring-
er's solution pH 7.4 (268 m'vi NaC1; 600 mOsm/liter) or 118 mM
NaCI (300 mOsm/liter), 16 ms H-Hepes, 16 mtvi Na-Hepes, 5 mM
D-glucose, 10 mi Na-pyruvate, 2 m Na-acetate, 3.3 mrvt KCI, 2.5
mM CaCl, 1.8 mM MgSO4, 1.8 mivi KH2PO4, 5 mM NAD, 5 mM
Dithioeiytrol, 0.1% albumin] at 37°C or 4°C (to correct for
unspecific conversion of choline). After the incubation aliquots
were used for protein determination and the samples were
denaturated for five minutes at 100°C. Determination of betaine
and choline were then conducted by HPLC.
After centrifugation as described above (at 13,000 x g at 4°C
for 5 mm) 300 1id of the supernatant was layered on a Dowex
column (Dowex 50 W-X8, 200 to 400 mesh, Sigma, Deisenhofen,
Germany). Using 3 ml of destilled water the water soluble
metabolites of choline like phosphorylcholine and glycerophos-
phorylcholine were eluated (first fraction). Betaine was eluated
using 4 ml of 2 N ammonia (second fraction). Choline remained
bound to the resin [17, 18]. The second fraction was analyzed by
both HPLC and thin layer chromatography; choline and choline
derivates were not detectable. One milliliter of the eluated second
fraction was mixed with 10 ml scintillation liquid Ultima Gold
(Packard, Groningen, Netherlands) and the content of '4C-
betaine was counted in a Liquid Scintillation Counter 1219
Rackbeta (LKB, Freiburg, Germany).
The recovery rate of betaine was above 98% (control by
HPLC). More than 99% of choline was retained by the column.
These results were confirmed by the determinations of betaine
using HPLC. The rate of synthesis of 14C-betaine in TALH cells
was linear between five minutes and two hours. Therefore an
incubation time of one hour was chosen.
Determination of the betaine degradation
The degradation of betaine was determined in TALH cells
adapted to extracellular osmolarities of 300 mOsm/liter and 600
mOsm/liter, respectively. The cells were incubated for one hour in
a 300 mOsm/liter modified Krebs-Henseleit buffer pH 7.4 (118
mM NaC1, 4.7 ms KC1, 2.5 mivi CaCl2, 1.6 mi MgSO4, 24.9 mM
NaHCO3, 1.2 mivi KH2PO4, 5 ms D-glucose, 2 mivi pyruvate)
without choline and betaine. The betaine content was measured in
the total sample (intracellular plus extracellular) at the beginning
and at the end of the incubation. The difference in betaine
concentration between these time points was defined as the
degradation of betaine over the whole incubation period.
Preparation of cytoplasm and mitochondria fractions
After removal of the medium, the TALH cells were rinsed with
Hepes Ringer's solution of identical osmolarity. The cells were
then scraped from the bottom of the culture dishes and resus-
pended in 1 ml Tris buffer pH 7.8 (50 mivi Tris, 250 m sucrose,
0.1 mM EDTA). The cells were homogenized by an Ultra Turax
T25 (13,000 rpm, 1 mm, 4°C). Then the homogenate was centri-
fuged (600 X g, 4°C, 10 mm) and the supernatant was recentri-
fuged (8000 X g, 4°C, 20 mm). The mitochondria were enriched in
the pellet and the cytosolic fraction remained in the supernatant
[19]. Further centrifugation of the cytosolic fraction at 100,000 X
g at 4°C for 60 minutes did not cause significant alterations of the
activities of the cytoplasmatic enzyme lactate dehydrogenase or of
betaine aldehyde dehydrogenase. Therefore this last centrifuga-
tion was omitted.
Determination of the osmolarity
Osmolarities of the incubation media were measured by a
Knaur osmometer (Knaur, Bad Homburg, Germany) according to
the decrease of the freezing point.
Determination of betaine by HPLC
The samples were freeze dried prior to determination in order
to concentrate the sample 1.5- to 5-fold. A 50 .tl sample was
delivered to the sugar pak 1 column (Waters) perfused by an
HPLC pump (LKB) at 0.5 ml/min (50°C) using HPLC water
(Merck, Darmstadt, Germany) containing 0.1 mmol/liter Ca-
EDTA (Merck). Betaine was detected by IR-refactometry (model
1755; Biorad, Munich, Germany).
The detection limit was 2 nmol for betaine and the signals were
linear up to 400 nmol. The amount of betaine was calculated using
a standard curve [20].
Determination of lactate dehydrogenase (EC 1.1.1.27) activity
A commercially available test kit (Boehringer, Mannheim,
Germany) was used to measure lactate dehydrogenase activity.
Thereby the reduction of pyruvatc by NADPH to lactate and
NAD was monitored by the rate of decrease in absorbance at 340
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nm. Absorbance changes were recorded at 37°C at one minute 400
intervals over a total period of five minutes in a photometer
(Lambda 2; Perkin Elmer, Uberlingen, Germany) [21].
300
Determination of choline dehydrogenase (EC 1.1.99.1)
The choline dehydrogenase acitivities in the mitochondrial and
cytosolic fractions were determined by a method described by
Haubrich, Wang and Wedeking [6]. Briefly, '4C-choline was
oxidized to 14C-hetaine aldehyde and '4C-betaine; then 14C-
betaine aldehyde was chemically oxidized by H202 to '4C-betaine.
Phenazine methosulfate (Serva, Heidelberg, Germany) was used
as an electron acceptor in this assay. The final concentrations in
the assay were 15 mmol/Iiter '4C-choline, and 1 mmol/liter
phenazinc methosulfate in a Krebs-Henseleit buffer.
The incubation was conducted in a 37°C water bath and at 4°C
(to correct for unspecific reaction) for 60 minutes. After an
incubation of 60 minutes all betaine aldehyde was oxidized to
betaine [7]. The reaction was proven linear for 120 minutes up to
100 mU/liter. The reaction was terminated by the addition of 0.2
M NaOH and 10% H202. '4C-betaine was determined as de-
scribed above.
Determination of hetaine aldehyde dehydrogenase (EC 1.2.1.8.)
The betaine aldehyde dehydrogenase activity was determined in
the supernatants of cell homogenates and various cell fractions.
The enzyme catalyzes the oxidation of betaine aldehyde to betaine
using NAD as cofactor.
The incubation buffer contained 50 mrvi Tris-HC1, 5 mM cys-
teine, 5 mM MgC12, 0.3 mM NAD, 6.6 ma oxamate, and 0.21
mg/liter antimycine A. The samples were incubated in the absence
or presence of 4.5 msi betaine aldehyde (Sigma) at 37°C and were
monitored at 339 nm over 10 minutes in a Lambda 2 photometer.
To determine Vmax and Km the activity was measured at various
betaine aldehyde concentrations between 120 imol/liter and 4.5
mmol/liter [221.
Determination of succinate dehydrogenase (EC 1.3.99.1)
Succinate dehydrogenase was determined by a method de-
scribed by Pcnnington [19]. Succinate was oxidized by iodon-
itrotetrazolium (INT) to fumarate and formazan. The buffer for
the assay contained 50 m Na2 succinate, 1 mg/ml INT (Boehr-
inger), 25 m sucrose, 50 m potassium phosphate, pH 7.4. The
reaction took place for 10 minutes at 37°C and was terminated
with 9.3% trichloroacetic acid (TCA). After extraction with ethyl
acetate the absorption was measured at 490 nm using a Lambda 2
photometer.
Protein determination
Protein was measured in triplicate according to Lowry et al [23]
after precipitation with 10% ice cold TCA. Concentrations of
bovine serum albumine (Boehringer) between 0.2 and 1.0 g were
used as standards.
Statistical analysis
For statistical analysis the paired Student's t-test was used. A
difference was considered statistically significant at P 0.05.
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Fig. 1. Content of betaine in TALH cells. The intracellular betaine content
was measured in TALH cells long-term adapted (over more than 5
passages) to isoosmotic 300 mOsm/liter () and hyperosmotic 600
mOsm/liter () media. Mean values SD from 6 (300 mOsm/liter) to 8
(600 mOsm/liter) experiments are given.
Materials
All chemical reagents were of the highest purity commercially
available.
Results
Influence of extracellular osmolarity and betaine concentration on
betaine content in TALH cells
In contrast to many other renal cells the betaine content of 218
35 jLmol/g protein in TALH cells was considerably higher under
isoosmotic conditions. In TALH cells adapted to an increased
extracellular osmolarity over several months, the betaine content
was found to be increased by 53% to 334 27 imol/g protein
compared to the isoosmotic control (Fig. 1). These results suggest
that betaine plays an important role in the long-term osmoregu-
lation of immortalized TALH cells.
One hour after the extracellular osmolarity was decreased from
600 mOsm/liter to 300 mOsm/liter the betaine content dropped to
223 32 j.mol/g and was not significantly different from the
isoosmotic control. A total of 102 41 j.tmol/g protein betaine
was released to the extracellular medium. Therefore, about one
third of the intracellular betaine content of cells adapted to 600
mOsm/liter appeared to be regulated by extracellular osmolarity.
Since the hyperosmotic extracellular medium contained both
choline and betaine, the intracellular content may be affected both
by the uptake of betaine and by the intracellular de novo synthesis
from choline. Therefore the influence of the extracellular concen-
trations of betaine and choline on the intracellular betaine
content was investigated.
In TALH cells incubated in choline free and betaine free
medium the intracellular content of betaine decreased. As dem-
onstrated in Table 1 after 48 hours no significant intracellular
betaine content could be detected. Subsequent incubation in
betaine free medium containing 20 j.tmol/liter choline increased
the intracellular betaine content. Under hyperosmotic conditions
the elevation was significantly higher than under control condi-
tions. This increase of the intracellular betaine content can be
explained by intracellular synthesis since the extracellular betaine
concentration remained unchanged.
Gmnewald and Eckstein: Osmotic regulation of betaine 1717
Betaine-free
medium 300 mOsmlliter 600 mOsm/liter Significance
Without choline Not detectable Not detectable NS
Choline 20 /.LM 72 21 147 27 P < 0.001
These results indicate that the betaine content in TALH cells
can be regulated by hyperosmotic stimuli via intracellular synthe-
sis. In addition the influence of the extracellular osmolarity on
betaine synthesis was directly investigated.
Influence of the extracellular osmolarity on the intracellular
metabolism on betaine
TALH cells adapted to hyperosmotic medium were incubated
with '4C-choline, and a significantly increased '4C-betaine synthe-
sis was found compared to the respective control cells grown
under isoosmotic conditions (Fig. 2). Under hyperosmotic condi-
tions the synthesis was increased by twofold to 8.2 1.0 jimol/g X
hr versus 4.3 1.0 j.tmol/g >< hr of control. This different rate of
the de novo synthesis of '4C-betaine indicates osmotic regulation
of the intracellular metabolism.
Betaine-free incubated TALH cells showed a further 40%
elevation of the '4C-betaine synthesis to 11.5 1.0 .tmol/g X hr
(P < 0.0001) under hyperosmotic conditions. Under control
conditions the 14C-betaine synthesis from 14C-choline was not
significantly increased (by 7%).
The rate of degradation of betaine in TALH cells adapted to
hyperosmotic and isoosmotic control osmolarites was not signifi-
cantly different and was relatively low compared to the synthesis.
Within one hour the content showed no significant alterations
from 216 19 smol/g (start) to 218 27 (60 mm later; N = 4;
NS) at 300 mOsm/liter and 347 29 itmol/g (start) to 339 24
(60 mm later; N = 4; NS) at 600 mOsm/liter.
These results indicate an osmotically regulated synthesis of
betaine in TALH cells without significant concomitant degrada-
tion of betaine in TALH cells.
U/g protein N Significance
300 mOsm/liter 1.0 0.1 4




3 days 2.3 0.3 4 P < 0.001 vs. 300 mOsm/liter
P < 0.00 1 vs. 600 mOsm/liter
6 days 1.5 0.4 5 NS vs. 300 mOsm/liter
P < 0.005 vs. 600 mOsm/liter
After long-term adaptation to 300 mOsm/liter (control) or 600 mOsm/
liter media the betaine aldehyde dehydrogenase activity was measured.
TALH cells adapted to 600 mOsm/liter were reexposed to 300 mOsm/liter
for 3 or 6 days. Means sr of 4 to 5 experiments are given. NS is not
significant.
Table 3. Kinetics of the betaine aldehyde dehydrogenase
300 mOsm/liter 600 mOsm/liter Significance
Vmax U/gprotein 1.4 0.1 4.1 0.8 P < 0.0001
Km pu 307 91 353 165 NSN 6 4
Regulation of the betaine aldehyde dehydrogenase and choline
dehydrogenase
As demonstrated in Table 2, under hyperosmotic conditions the
betaine aldehyde dehydrogenase activity was increased threefold
versus control. Decrease of the osmolarity from 600 mOsm/liter to
300 mOsm/liter led to a decrease of the enzyme activity over
several days. On the sixth day following the reduction of the
extracellular osmolarity, the activity of betaine aldehyde dehydro-
genase was not significantly different from control.
As shown in Table 3 and Figure 3, the affinity (Km) to the
substrate, betaine aldehyde, was not influenced by the extracellu-
lar osmolarity. The calculated maximal activity (Vmax), however,
was 2.9-fold higher under hyperosmotic conditions versus control.
At 600 mOsm/liter the average choline dehydrogenase activity
was increased to 17 4 mU/g protein from 10 5 mU/g
(control). This difference was not statistically significant. Further
investigation on the enzyme kinetics was not performed due to
very low activities in the range of the baseline.
These results suggest that intracellular betaine synthesis in
TALH cells is regulated via adaptation of the betaine aldehyde
dehydrogenase activity.
Intracellular location of the enzymes of the betaine synthesis
To investigate whether the enzymes, choline dehydrogenase
and betaine aldehyde dehydrogenase, are localized in different
intracellular compartments, mitochondrial and cytoplasmatic
fractions of TALH cells were prepared.
As shown in Table 4 the choline dehydrogenase was enriched by
2.88-fold in the mitochondrial fraction. In the cytoplasmatic
fraction no significant activity of choline dehydrogenase was
detected. Since this distribution corresponds to that of succinate
dehydrogenase, the leading enzyme of mitochondrial energy
Table 1. Content of betaine in betaine-free medium Table 2. Betaine aldehyde dehydrogenase activity in dependence on
the extracellular osmolarity in TALH cells
P <0.0001
NS
The betaine content was measured in TALH cells cultivated in betaine
free media. The TALH cells were incubated either in 600 mOsm/liter or
300 mOsm/liter without choline or with 20 imol/liter choline. The values









Fig. 2. Intracellular betaine synthesis in TALH cells. TALH cells were
adapted to 300 mOsm/liter and 600 mOsm/liter media with betaine ()
and without betaine () and the betaine synthesis was measured. Mean
values SD from 5 to 11 experiments are shown.
300 mOsmi/liter 600 mOsmi/liter
The maximal velocity (Vmax) and the affinity (Km) of the betaine
aldehyde dehydrogenase were calculated by the method of Eadie-Hofstee.
Means sr are given from N experiments. NS is not significant.











Fig. 3. Eadie Hofstee plot representing the kinetics of the betaine aldehyde
dehydrogenase in immortalized TALl! cells. Squares represent the data
obtained after incubation of the TALH cells in 600 mOsm/liter medium
(hyperosmolar, N = 4); rhombs represent the data obtained after incuba-
tion in 300 mOsm/liter (control; N = 4). Means so are presented.
metabolism, these results indicate exclusive distribution of choline
dehydrogenase in mitochondria of TALH cells.
On the contrary, the activity of betaine aldehyde dehydrogenase
was found to be considerably higher in the cytoplasmatic fraction
than in the mitochondrial fraction. The pattern of enrichment was
similar to lactate dehydrogenase, indicating that betaine dehydro-
genase is primarily localized in the cytoplasm.
Taken together, the results indicate that choline dehydrogenase
and betaine aldehyde dehydrogenase are spatially separated
within intracellular compartments of TALH cells.
In addition, enriched mitochondria were investigated regarding
betaine synthesis. The synthesis of betaine in isolated mitochon-
dna was less than 10% of the hetaine synthesis in intact cells, thus
confirming that synthesis of betaine in TALH cells might take
place in different intracellular compartments.
Discussion
Significance of the betaine synthesis on the osmotic regulation of
the intracellular betaine content in TALH cells
Our investigations show for the first time that betaine metab-
olism in renal cells can be regulated by extracellular osmolarity.
The influence of the osmotically-regulated betaine synthesis in
TALH cells on the intracellular betaine content can be deduced
from the experiments in betaine free medium, since under these
conditions the intracellular accumulation cannot be effected by
uptake of betaine from the extracellular medium. The addition of
choline, the precursor in betaine metabolism, leads to a significant
increase of the intracellular betaine content, thus demonstrating
an intracellular de novo synthesis of betaine. Under these condi-
tions, however, the intracellular betaine content of TALH cells
exposed to extracellular betaine at the same time was not com-
pletely restored. Therefore, it can be concluded that intracellular
betaine synthesis is an important component in the osmotic
regulation of the betaine content in TALH cells, although other
regulative mechanisms, such as betaine uptake, are likely to
participate in the modulation of intracellular betaine content
following osmotic stimulation.
Osmotic regulation of TALH cells
In TALH cells the intracellular content of inorganic osmolytes
is low compared to the surrounding interstitium [24]. The result-
ing osmotic gap has to be filled in by so-called organic osmolytes.
In the outer renal medulla, inositol, glycerophosphorylcholine,
and betaine have been identified as candidates to close the
osmotic gap [1, 11, 24]. Additionally, in isolated tubuli of the thick
ascending limb, low concentrations of sorbitol were detectable
[11]. Betaine and inositol seem to be of quantitative importance
for this section of the nephron [1, 11,25]. It can be concluded that,
similarly to the cells of the renal inner medulla, a complex
interplay of various organic osmolytes and inorganic osmolytes is
necessary for osmoregulation in TALH cells. Moreover, betaine
may play an important role in closing the aforementioned osmotic
gap.
Regulation of the betaine synthesis
In previous studies betaine metabolism was already demon-
strated in the renal outer medulla [3, 26]. One study of microdis-
sected tubules of the thick ascending limb of rabbit kiduey,
however, detected no significant synthesis of betaine from choline
[10], whereas other authors found betaine synthesis in TALH cells
of rats [3] and rabbits [13]. Although the immortalized rabbit
TALH cells used in this study were highly differentiated, we
cannot conclude with certainity that the metabolism of these cells
was not altered by cultivation through several passages in com-
parison to freshly isolated TALH cells. This might be an expla-
nation for the discrepancies from other results.
The main synthesis of betaine takes place in the proximal tubule
[3, 10]. Additionally, synthesis of betaine from choline was also
found in the inner medullary collecting duct cells of rat kidney
[11].
Since the activity of choline dehydrogenase was found to be at
baseline the interpretation of our results is very difficult. The very
low activity—also found using other test systems—might be due to
the close coupling of the enzyme to oxidative phosphorylation in
vivo [6, 27].
In accordance with our results, choline dehydrogenase was
previously shown not to be osmotically regulated in rat renal inner
medulla [7]. Unfortunately, the betaine aldehyde dehydrogenase
activity was not investigated by these authors.
Based on the present results, we propose that the reaction
catalyzed by betaine aldehyde dehydrogenase may be the rate
limiting step in betaine synthesis of TALH cells. This is confirmed
by the qualitatively identical alterations of betaine aldehyde
dehydrogenase activity and betaine synthesis and the very high
affinity (Km) to betaine aldehyde.
Regarding the minimal degradation rate of betaine in TALH
cells, the formation of 4C-betaine may be considered to purely
reflect the rate of synthesis. Similar rates have been found in the
inner medulla and in TALH cells of rat kidney [3, 11], whereas in
cortex the synthesis was fivefold higher [28]. The synthesis rate of
4.3 to 11.5 .tmol/g X hr might be sufficient to perform a
physiological function. Additionally, sorbitol synthesis rate in
IMCD cells is similar in magnitude [29]. Preposing that the
0 1 2 3 4 5 6 7 8 9 10 1112 13 14
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Betaine aldehyde dehydrogenase U/gprotein 2.99 0.34 2.88 0.38 0.96 0.11 0.07 0.04
significance vs. total NS < 0.001
Lactate dehydrogenase UIg protein 1618 268 2428 309 1.25 193 15 0.12
significance vs. total <0.01 <0.0001
Choline dehydrogenasemU/gprotein 17 4 not detect. — 49 18 2.88
significance vs. total — <0.01
Succinate dehydrogenase UIg protein 21 4 3 1 0.14 62 13 2.95
significance vs. total <0.001 <0.001
The activities of betaine aldehyde dehydrogenase and of the choline dehydrogenase were measured in the total homogenate (first homogenate during
preparation), in the cytosolic fraction, and in the mitochondrial fraction. Lactate dehydrogenase and succinate dehydrogenase were measured in parallel
as marker enzymes. Means SD from 4 to 6 experiments are shown. In addition the enrichment was determined by calculation of the ratios of specific
activities in the fractions to total homogenate. Abbreviations are: not detect, not detectable; NS, not significant.
intracellular content of betaine is completely regulated by betaine
synthesis, less than 30 hours would be necessary for complete
adaptation. Since the cells regulate their content only in part
through intracellular synthesis, the adaptation in vivo probably
can take place even more rapidly via uptake of betaine from the
extracellular compartment.
Which other mechanisms might osmotically regulate the
intracellular betaine?
In the TALH cells investigated in this study, the loss of one
third of betaine after lowering the osmolarity appears to be
governed by membrane permeability for betaine. As already
shown for many other renal cells, the osmotically-regulated
membrane permeability seems to be the most rapid way of
osmotic adaptation [28]. In various renal cells, specific transport
systems have been found to be responsible for this phenomenon
[28, 30—32].
In addition, the TALH cells might possess a betaine transport
system for the uptake of betaine from the extracellular medium.
The significantly lower intracellular betaine content in media
without betaine was fully compensated after addition of betaine
(40 ismol/liter) (data not shown). Since betaine is accumulated
against its concentration gradient the recently described sodium-
dependent betaine cotransporter, which is also found in other
renal cell types, may participate in this regulatory mechanism [33].
Role of the betaine synthesis under physiological conditions
TALH cells fulfill an important function during the concentra-
tion of the primary urine along the nephron. This part of the
nephron is especially responsible for the resorption of sodium and
chloride, which results in the exposure of TALH cells to large
osmotic gradients and a high sodium load. Although the results
obtained in immortalized TALH cells do not necessarily represent
the in vivo situation, the additional long-term adaptation of the
intracellular betaine metabolism might be an important support to
short-term alterations in membrane permeability and sodium-
dependent betaine cotransport during osmotic challenge. Thereby
the addaptive forces of volume regulation and osmoregulation in
TALH cells are improved.
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